compensation of the RNase P/MRP subunits, which are the compensated proteins identified 110
in our previous study [7] , in a systematic manner. We find that multiple E3 ubiquitin ligases 111
and NATs are involved in the compensation. We also find that the dependency of the com-112 pensation on NATs is variable among tested subunits. Our findings suggest that dosage com-113 pensation does not completely depend on the Ac/N-end rule pathway and highlight the com-114 plexity of the stoichiometry control system. 115
Results

117
Multiple E3 ubiquitin ligases Tom1 and Not4 are involved in dosage compensation of 118 identical subunits 119 To investigate which E3 ubiquitin ligases are involved in dosage compensation and their rela-120 tive contribution, we measured protein levels of five dosage-compensated genes (RBG1, 121 MTW1, POP5, SAW1, and ERP2), which were identified in our previous study [7] , in five 122 deletion mutants of E3 genes (DOA10, TOM1, UBR1, SAN1, and NOT4) involved in the pro-123 tein quality control system including the N-end rule pathways [11, 18, 19, 24, 25] . Using a 124 previously developed method for identifying genes with dosage compensation (S1A Fig) [7] , 125 we found that the amount of Pop5 in tom1∆ and not4∆ and Saw1 in doa10∆ was increased 126 compared to wild type (WT) cells (S1B and S1C Fig) . 127 128
Pop5 is a subunit of the RNase P/MRP complexes comprising of eleven subunits [26] . These 129 complexes share eight subunits: Pop1, Pop3, Pop4, Pop5, Pop6, Pop7, Pop8, and Rpp1, while 130 Rpr2 is included only in the RNase P and Snm1 and Rmp1 are included only in the RNase 131
MRP. Most subunits of these complexes are subjected to dosage compensation [7] , which 132 prompted us to examine whether Tom1 and Not4 are involved in the compensation of the 133 other subunits. We used an experimental setup by which the TAP-tagged target protein ex-134 pressed from only one genomic locus is detected upon an increase in copy number of un-135 tagged version of the same gene ( Fig 1B) . We first compared protein levels between with and 136 without overexpression in WT, tom1∆, or not4∆ cells (S2A Fig) . This analysis showed a sig-137 nificant decrease in the compensation of Pop4, Pop5, Pop6, Pop7, Pop8, and Rpp1 in tom1∆ 138 cells (Fig 2A and 2B) , as well as Pop4, Pop5, Pop7, Rpp1, and Rmp1 in not4∆ cells ( Fig 2D  139 and 2E). In addition, the lower compensation of Rpr2 and Rmp1 in tom1∆ cells were margin-140 ally significant (p<0.1, two-tailed Welch's t test) (S3 Fig) . Therefore, Tom1 and Not4 were 141 involved in dosage compensation of the RNase P/MRP subunits: Tom1 and Not4 target at 142 least 6 and 5 out of 11 subunits, respectively (Table 1) . While the sum of the contribution of 143 these E3 ligases to the compensation of Pop7, Pop8, and Rpp1 reached to uncompensated 144 protein level ( Fig 2G) , that of the other subunits did not reach to this level, which suggests 145 the existence of unidentified E3 ligase(s) responsible for stoichiometry control. 146 147
We next compared protein levels between WT and each mutant with or without overexpres-148 sion (S2B Fig) . This analysis showed the higher levels of Pop6 and Rpr2 in tom1∆ and Pop5 149
and Pop6 in not4∆ than those in WT cells without an increase in gene copy number (p<0.05, 150
two-tailed Welch's t test) (Fig 2C and 2F, Single) . As this comparison is between vector con-151 trols in WT and mutant cells, Tom1 and Not4 may be involved in degradation of these subu-152 nits in unperturbed conditions. In addition, since Pop6 was not subjected to Not4-mediated 153 compensation, Not4 contributes to its degradation but this is not accelerated upon overex-154 pression. 155 plexes. The Ac/N-end rule pathway is involved in the underlying mechanism for the selective 162 compensation of unassembled subunits. (B) An experimental setup for measuring the contri-163 bution of each quality control factor to dosage compensation. The untagged dos-164 age-compensated protein was expressed from multicopy plasmid pTOW40836 containing the 165 native regulatory sequences, including promoter and 5' and 3' untranslated regions. If the 166 target gene is subjected to dosage compensation, the level of the TAP-tagged target protein 167 expressed only from the chromosome decreases upon an increase in gene copy number ti) compared to vector control (Single). The Multi/Single ratio is higher than that in WT cells 169 in the deletion mutant of each quality control factor (gene encoding E3 ubiquitin ligase or a 170 catalytic subunit of NATs) if the deleted factor contributes to the compensation of the target 171 gene. 172 conditions. (C) Comparison of protein levels between WT and tom1∆ cells in the Single or 185
Multi conditions. The average fold change ± s.d. was calculated from three biological repli-186
cates. Dashed line represents the same expression level between WT and tom1∆ cells. Since both Pop6 and Pop7, which form the Pop6-Pop7 heterodimeric subcomplex [27, 28], 195 are subjected to dosage compensation (Fig 2) , the amount of Pop6 and Pop7 may change in 196 response to that of partner subunits. We hypothesized that high POP7 dosage leads to chang-197 es in the fraction of the stable/assembled and unstable/unassembled pools of Pop6 ( Fig 3A,  198 top). Furthermore, since the mechanism of dosage compensation is accelerated degradation of 199 unassembled subunits, the balance of these subunit pools may be perturbed in the absence of 200 Tom1 or Not4 (Fig 3B, top) . As expected ( Fig 3A and 3B , bottom), we found that Pop6 was 201 stabilized by an increase in POP7 dosage, and vice versa, in WT, tom1∆, or not4∆ cells ( Upon increasing gene copy number of the partner subunit, the relative ratio of Pop6 and Pop7 208 in tom1∆ and not4∆ was lower than that in WT cells. This difference may reflect the regula-209 tion of the compensation degree, as the amount of Pop6 and Pop7 was increased in both mu-210 tants without changes in gene copy number (Fig 3C and 3D, +Vector) . Therefore, Tom1 and 211
Not4 impact the balance of stable/unstable subunit pools of the Pop6-Pop7 heterodimeric 212 subcomplex. 213 pTOW40836-POP7) conditions. Quantification of band intensities relative to the Single con-235 dition in each strain is shown. Coomassie staining of a 50-kDa protein, corresponding to 236 enolase, is shown as a loading control. 237
NATs contribute to dosage compensation in a complex manner 238
S. cerevisiae has five NATs: NatA, NatB, NatC, NatD, and NatE whose catalytic subunits are 239 respectively Naa10, Naa20, Naa30, Naa40, and Naa50 [29] . NATs have different sequence 240 specificities for N-acetylation and their substrates can be classified by the first two 241 N-terminal residues except NatD that recognizes approximately five-residue sequence motifs 242 [18, 29, 30] . As shown in Fig 4A, based on a prediction from N-terminal amino acids, the 243
RNase P/MRP subunits can be N-acetylated by NatA, NatB, or NatC. We examined whether 244 the RNase P/MRP subunits are less compensated in naa10∆, naa20∆, naa30∆, naa40∆, or 245 naa50∆ cells using the same experimental setup described in Fig 1B. Our experiments 246
showed that Pop4 and Rmp1 in naa10∆ (Fig 4B and 4C) and Pop6, Pop8, Rpr2, and Rmp1 in 247 naa20∆ ( Fig 4D and 4E) were significantly less compensated than those in WT cells, while 248 all tested subunits were compensated in naa30∆ or naa50∆ as well as in WT cells ( Fig 4F, 4G , 249 4J, and 4K). Only Pop3 was uncompensated in naa40∆ cells ( Fig 4H and 4I) , and the half-life 250
of Pop3 was prolonged upon increasing POP3 copy number in naa40∆ cells (S4A and S4B 251 Fig) . Of note, Pop3 was stabilized in naa10∆ compared to WT cells with or without an in-252 crease in gene copy number (S5 Fig) ( p<0.05, two-tailed Welch's t test), suggesting the in-253 volvement of NatA in Pop3 degradation even in unperturbed conditions. We also found that 254
Pop5 compensation was more pronounced in naa10∆ than in WT cells ( Fig 4B and 4C) , sug-255 gesting that accelerated Pop5 degradation during dosage compensation is blocked by NatA. 256 257
We summarized the contribution of each NAT, leading to several findings ( Fig 4L; Table 1 ). 258
First, NatB-mediated compensation of Rmp1 is the only case that can be expected from its 259 N-terminal sequence. Second, conversely, the compensation of Pop4 and Pop6 were engaged 260
with NatA and NatB but not NatB and NatC, respectively. Additionally, Pop8 and Rpr2 were 261
subjected to the compensation mediated by NatB but not NatA. Third, Rmp1 was compen-262 sated through multiple NATs, NatA and NatB. Fourth, the compensation of Pop3 was due in 263 large part to NatD but not NatA. Fifth, NATs were not identified for the compensation of 264
Pop7 and Rpp1. Finally, NATs-mediated compensation of the RNase P/MRP subunits was 265 mainly mediated by NatA and NatB, although their impact on protein levels was limited. 266
Taken together, the N-terminal sequence cannot simply explain NATs-mediated dosage com-267 pensation. In all cases except for Pop3 and Pop8, the sum of the contribution of each NAT did 268 not reach to uncompensated protein level, suggesting that the stoichiometry control system 269 depends only partially on NATs-mediated dosage compensation. 270 The first two N-terminal residues are not sufficient to determine the combination of 297
NATs and E3 ligases in the Ac/N-end rule pathway 298
By summing the contribution of the tested E3 ligases and NATs to dosage compensation of 299 the RNase P/MRP subunits, the protein level of all subunits except Pop5 reached to the un-300 compensated level ( Fig 5A) . Pop5 seems to be compensated through NATs-independent deg-301 radation pathway predominantly mediated by redundant control via Tom1 and No4 and/or 302 unidentified E3 ligase(s). Pop4 and Pop7 were less compensated to the same degree in both 303 not4∆ and naa10∆ cells ( Fig 5) . Because Not4 was previously identified as an N-recognin 304
[11], these subunits may be compensated by the combination of NatA and Not4. Both Pop4 305
and Rmp1 are MD-starting proteins, but Rmp1 was compensated by not only NatA and Not4 306 but also NatB (Fig 2 and 4) . Cog1 is also a MD-starting protein whose protein level is com-307 pensated by NatB and Not4 upon its overexpression [11] . These observations suggest that 308 even though the first two N-terminal residues of substrate proteins are the same, the compen-309 sation through the Ac/N-end rule pathway occurs by different combinations of NATs and E3 310 ligases. Moreover, Rpp1 was almost fully uncompensated in not4∆ but not in all NATs mu-311 tants ( Fig 2D and 2E) , indicating that Not4-mediated compensation does not necessarily re-312 quire NATs. 313 As shown in Fig 4H and 4I , NatD efficiently contributes to the compensation of Pop3 that is 325 not identified as a NatD substrate [31] . To further examine whether NATs-mediated dosage 326 compensation is hardly predictable from N-terminal sequence, we next analyzed canonical 327
NatD substrates. NatD is more selective than the other NATs [29] , and only histone H2A/H4 328 subunits are identified as its substrates [31] [32] [33] . These histone subunits are MS-starting pro-329 teins that can be NatA substrates, but they are N-acetylated in the absence of Naa10 or its 330 auxiliary subunit Naa15 [34] . Thus, we first tested whether NatD is involved in the compen-331 sation of histone H2A/H4 subunits: Hta2, Hhf1, and Hhf2. We found that they were subjected 332 to dosage compensation even in the absence of Naa40 (Fig 6A-6C ), suggesting that NatD is 333 involved in their N-acetylation but not degradation. Additionally, the compensation was ob-334 served not only in naa40∆ but also in naa10∆, naa20∆, or naa30∆ as well as in WT cells (S6 335 Fig) . We also found that they all were significantly less compensated in tom1∆ cells, although 336 the degree of compensation was different among them ( Fig 6A-6C) . These results suggest 337 that Tom1-mediated compensation of Hta2, Hhf1, and Hhf2 does not require NATs activity 338 and that N-acetylation and dosage compensation are not necessarily linked. Therefore, dosage 339 compensation of histone H2A/H4 may be mediated by N-acetylation-independent pathway. 340 341
NatD-mediated dosage compensation of a MH-starting protein Bet4 342
The selectivity of NatD-mediated N-acetylation comes from a sequence motif recognized by 343
NatD and its substrate recognition site tailored for this motif [30] . The N-terminal of Pop3 is 344 SGSL after removal of N-terminal Met by Met-aminopeptidases, which is different from the 345 known motifs involved in histone subunits: SGGK (H2A) and SGRG (H4) [31] . We thus 346 examined whether Bet2, which is a MSGSL-starting protein and a subunit of the Bet2-Bet4 347
heterodimer [35] , is subjected to NatD-mediated compensation. We found that Bet2 was 348 compensated by the same degree in either naa40∆ or WT cells ( Fig 6D) , indicating that the 349 first MSGSL is not sufficient to trigger NatD-mediated compensation. Unexpectedly, Bet4 350 was remarkably less compensated in naa40∆ compared to WT cells ( Fig 6E) . Bet4 was in-351 deed stable upon increasing BET4 copy number in naa40∆ cells due to the prolonged half-life 352 (S4C and S4D Fig) . This phenomenon was surprising because Bet4 is a MH-starting protein 353 that is virtually not N-acetylated while N-acetylation of Bet4 was detected but its responsible 354
NATs were not identified [29, 36] . 355 356 We further examined the contribution of the other NATs to Bet4 compensation and found that 357
Bet4 was significantly less compensated in naa20∆ cells ( Fig 6E) . Thus, NatB and NatD are 358 involved in Bet4 compensation. We also found an increase in Bet4 compensation in naa10∆ 359 cells (Fig 6E) , suggesting a NatA-mediated block of Bet4 degradation during the compensa-360 tion. Although each of them is similar to Rmp1 in naa10∆ and naa20∆ and Pop5 in naa10∆ 361 cells ( Fig 4B-4E) , both effects of NATs deletion were observed only for Bet4. Therefore, 362
Bet4 was identified as the compensated protein whose stoichiometry is bidirectionally con-363 trolled by multiple NATs upon genetic perturbations. 364 To investigate how well the Ac/N-end rule pathway explains dosage compensation, we sys-385
tematically measured the contribution of E3 ubiquitin ligases and NATs to the compensation 386 of the RNase P/MRP subunits (Fig 2 and 4) . Our data consisting of 18 subunits and 10 quality 387 control factors, in total 100 combinations, demonstrated that multiple E3 ubiquitin ligases 388
and NATs are involved in the compensation. NATs-mediated compensation was observed for 389 7 out of 14 subunits of the RNase P/MRP, histone, and Bet2-Bet4 complexes (Fig 4 and 6) . 390 However, given that the lack of NATs did not completely reduce the compensation of the 391 tested subunits except for Pop3 in naa40∆ and Bet4 in naa20∆ and naa40∆ cells, stoichiom-392 etry control of multiprotein complexes depends only partially on the Ac/N-end rule pathway. 393 394
In this study, we manipulated gene copy number to perturb cellular systems and elucidate 395 mechanisms for buffering gene expression perturbations. Our data showed that NATs con-396 tribute to proteolysis upon exogenous overexpression of the RNase P/MRP subunits, whereas 397 without overexpression the endogenous protein levels were almost not affected in NATs mu-398 tants compared to E3 mutants ( Fig 2C and 2F and S5 Fig) . This is consistent with a recent 399 comprehensive analysis showing that N-acetylation rarely acts as a degradation signal in 400 physiological conditions in yeast [37] . In agreement with these findings, a limited number of 401 subunits are physiologically synthesized in excess compared to stoichiometry and the 402 half-life of such subunits tends to be faster than that of proportionally synthesized subunits 403 [13, 14] . Therefore, NATs-mediated dosage compensation may be a fail-safe mechanism that 404 is rarely and predominantly triggered by genetic perturbations or physiological overexpres-405 sion causing stoichiometric imbalance. 406 407
We identified Tom1 as a factor of the stoichiometry control system (Fig 2A and 2B) , which is 408 consistent with Tom1-mediated degradation of excess ribosomal subunits [19] . It should be 409 noted that, as discussed in [19] , basic isoelectric point is a common characteristic of known 410
Tom1 substrates (Cdc6, Hht2, Yra1, and Rpl26a) and the RNase P/MRP subunits except Pop8 411 (S7 Fig) [19, 38-40 ]. The weak electrical interaction between Tom1 with acidic isoelectric 412 point and Pop8 might explain why the compensation degree of Pop8 is lower than the other 413 subunits. Additionally, these substrates as well as Tom1 are nucleic acid binding and localize 414 in the nucleus [41] . These characteristics suggest that Tom1 is broadly responsible for the 415 compensation of nucleic acid binding subunits. 416 417
We found that ribosome-associated factors Not4 and NATs were involved in dosage compen-418 sation of the RNase P/MRP subunits (Fig 2D, 2E, and 4) , which is consistent with the stabi-419 lization of Cog1 in not4∆ or naa20∆ cells upon its overexpression [11, [42] [43] [44] . These obser-420 vations and cotranslational ubiquitination of a subset of the proteome suggest the possibility 421 of cotranslational dosage compensation [45, 46] . This is also supported by the findings that 422 multiprotein complex subunits tend to assemble cotranslationally and that such subunits are 423 prone to aggregation and degradation in the absence of their partner subunits [47, 48] . There-424 fore, future investigations of this possibility may gain insight into the hierarchy of the multi-425 layered stoichiometry control system. 426 427
We described the complexity of the stoichiometry control system (Fig 5 and 6 of Rmp1 and Bet4. Robust control of Rmp1 seems to be due to its C-terminal polylysine se-432 quence CKKKKKRKKKNK that induces translation arrest coupled with Not4-mediated pro-433 teolysis [49] . Our findings thus suggest that the complexity of this system reflects its robust-434
ness. Furthermore, as argued in [50] , other mechanisms for sensing unassembled subunits and 435 correcting stoichiometric imbalance may exist. For example, the most recent study showed 436 that protein aggregation of excess subunits functions as the compensation pathway in aneu-437 ploid yeast cells [51] . It is also possible to speculate that substrate recognition by one NAT is 438 partially redundant with the other NAT because of the remarkable reduction of Bet4 compen-439 sation in both NatB and NatD mutants and functional redundancy between yeast NatC and 440
human NatF (Fig 6E) [52]. 441 442
The compensation of Pop3 in naa40∆ and Bet4 in naa20∆ and naa40∆ cells was almost fully 443 reduced (Fig 4H, 4I, and 6E) , supporting the dependency of stoichiometry control on the 444 Ac/N-end rule pathway [11] . However, these are rare cases in our study and the first exam-445 ples of NatD-mediated dosage compensation. Indeed, canonical NatD substrates histone 446 H2A/H4 were compensated even in the absence of Naa40 (Fig 6A-6C) . Importantly, con-447 sistent with the stabilization of histone H3 subunit Hht2 by TOM1 deletion [39], H2A/H4 448 were less compensated in tom1∆ cells. These results suggest that unassembled subunits are 449 selectively degraded by not only the Ac/N-end rule but also other pathways. This is further 450
suggested by the observation that Rpp1 compensation involves Tom1 and Not4 but not NATs 451 ( Fig 5, Table 1 ). 452 453 We also found that Pop5 and Bet4 were destabilized when they were overexpressed in 454 naa10∆ cells (Fig 4B, 4C, and 6E) . Similarly, previous studies showed that proteins with 455 unacetylated N-terminal Met followed by a small hydrophobic residue and MN-starting pro-456 teins are destabilized in naa30∆ and naa20∆ cells, respectively, by the Arg/N-end rule path-457 way [37, 53] . However, because N-terminal sequence of Pop5 (MV) and Bet4 (MH) are not 458 appropriate for these cases, their degradation in naa10∆ cells might be accelerated by un-459 known mechanisms. We speculate that complex stoichiometry is robustly maintained by 460 switching degradation pathways in response to perturbations in the stoichiometry control 461 system. Indeed, the interplay between the Arg/N-end rule and the Ac/N-end rule pathways 462 was proposed based on the observation that the short-lived reporter protein and Msn4 are 463 synergistically stabilized in double mutants naa20∆ ubr1∆ and naa30∆ ubr1∆, respectively 464 [53, 54] . 465 466
Quality control of multiprotein complexes impacts a broad range of biological processes be-467 cause of the fact that cellular systems are based on functional complexes. For example, the 468
RNase P and MRP complexes are responsible for maturation of tRNA and rRNA, respective-469 ly [26] . Additionally, Pop1, Pop6, and Pop7 are shared with telomerase [55] . Our finding of 470 robust control of dosage balance between Pop6 and Pop7 seems to be in line with their func-471 tional importance (Fig 3) . More generally, dosage compensation may play a role as a fail-safe 472 mechanism for shaping proteome stoichiometry as discussed above. In agreement with this 473 concept, paralogous complex subunits tend to be compensated each other for modulating 474 protein interactome [56, 57] . Furthermore, proteolysis-mediated compensation perversely 475 corrects physiologically caused stoichiometric imbalance during meiosis [58] , which may 476 explain how cells cope with a subset of subunits overexpressed in unperturbed conditions 477 [13] . Therefore, further dissection of the complexity and working principles of the stoichiom-478
etry control system will help to describe cellular robustness. 479 480  481 Strains, plasmids, and media 482
Materials and Methods
For construction of mutant strains lacking a gene encoding the E3 ubiquitin ligase (TOM1 or 483 NOT4) or N-aetyltransferase (NAA10, NAA20, NAA30, NAA40, or NAA50) and carrying a 484 TAP-tagged gene of interest, the deletion collection and the TAP collection of haploid yeast 485 (Dharmacon) were used. BY4741 carrying Pop4-TAP, Rmp1-TAP, or Bet4-TAP were con-486 structed in this study. Genomic DNA of each single deletion strain was extracted, and then, 487 each locus replaced with the kanMX4 cassette was amplified by PCR with a primer library 488 prepared in our previous study [5] . The TAP-tagged strains were transformed with the PCR 489 products by the lithium acetate method and selected on YPD plates containing G418 (200 490 µg/mL). For construction of plasmids, DNA fragment of each target region was amplified 491 from the genome and cloned into pTOW40836 by homologous recombination in BY4741 492 cells. The TAP-tagged strains described above were transformed with the plasmids and se-493 lected on SC medium lacking uracil. 494 495
Measurement of plasmid copy number 496
The plasmid copy number was measured by the gTOW technique [59] . The cells grown at 497 log-phase for Western blotting were harvested for the gTOW analysis from the same culture. 498
In short, 200 µL of the culture was centrifuged and the pelleted cells were suspended in 100 499
µL of zymolyase solution [2.5 mg/mL Zymolyase-100T dissolved in 1.2 M sorbitol, 10 mM 500 sodium phosphate (pH7.5)] and incubated at 37 °C for 15 min for DNA extraction. The sus-501 pension was heated at 100 °C for 10 min, cooled at -80 °C for 10 min, and again heated at 502 100 °C for 10 min. After cooling down to RT followed by a centrifugation, the supernatant 503 was subjected to real-time quantitative PCR with Lightcycler 480 (Roche). The primers for 504 LEU3 on the genome or leu2d gene on pTOW40836 and SYBR Green I Master (Roche) were 505 used for the PCR. The resulting plasmid copy number was calculated based on the expression 506 levels of LEU3 and leu2d genes according to the method described previously [59] . 507 508
Western blot analysis 509
Cells were grown at 30 °C in 2 mL of SC-Ura medium for overnight and then measured the 510 optical density at 600 nm (OD600) and inoculated into fresh medium at initial OD600 of 0.5 in 511 3 mL. After 4 h, 1 OD600 units were harvested at log-phase when OD600 was around 1. The 512 cells were treated with 1 mL of 0.2 N NaOH for 5 min at room temperature (RT) and centri-513 fuged at 15,000 rpm for 1 min. The pelleted cells were suspended in 50 µL of 1× NuPAGE 514 LDS Sample Buffer (Invitrogen) containing 100 mM DTT and heated at 100 °C for 5 min. 515
For the analysis of the TAP-tagged proteins, two-fold serially diluted lysates were analyzed 516 as described below, and we confirmed that 0.025 OD600 units provide appropriate signal in 517 the linear range. The extract diluted 8-fold with 1× NuPAGE LDS Sample Buffer, corre-518 sponding with 0.025 OD600 units, was separated by polyacrylamide gel electrophoresis with 519 lithium dodecyl sulfate (SDS-PAGE) on NuPAGE 4%-12% Bis-Tris Gel (Invitrogen). For 520 the analysis of the GFP-tagged proteins, 0.2 OD600 units were subjected to SDS-PAGE. The 521 separated proteins were transferred onto PVDF membrane using the iBlot Transfer Stack 522 PVDF membrane (Invitrogen). The blotted membrane was treated with PBST [1× PBS, 0.1% 523
Tween 20] for 10 min, and then blocked with 4% skim milk in PBST for 1 h at RT. The 524 TAP-tagged proteins were probed with PAP (Sigma-Aldrich) (1:2,000) for 1 h at RT. The 525
GFP-tagged proteins were probed with anti-GFP antibody (Roche) (1:1,000) and peroxi-526 dase-conjugated secondary antibody (Nichirei Biosciences) (1:1,000) for 1 h at RT. After 527 washing the membrane with PBST for 5 min for three times, chemiluminescence was in-528 duced by adding 500 µL of SuperSignal West Femto Maximum Sensitivity Substrate (Ther-529 mo Scientific) on the membrane and detected using LAS-4000 image analyzer (Fujifilm) and 530
ImageQuant LAS 4000 (GE Healthcare). Quantification of the band intensity was carried out 531
using ImageQuant TL (GE Healthcare) and the fold change was calculated after background 532 subtraction. After washing the membrane with sterile water for 5 min for three times, total 533 proteins were visualized by Coomassie staining with SimplyBlue SafeStain (Invitrogen) to 534 confirm equal loading of proteins. The stained membrane was digitized using LAS-4000 im-535 age analyzer and ImageQuant LAS 4000. 536 537
For the analysis of histone H2A/H4 and the Bet2-Bet4 heterodimer, the harvested cells were 538 treated with 1 mL of 0.2 N NaOH for 5 min at RT. Cells were suspended in 1× NuPAGE LDS 539
Sample Buffer (Invitrogen) and then heated at 70 °C for 10 min. The supernatant corre-540 sponding to 0.5 OD600 units was labeled with EzLabel FluoroNeo (ATTO) and subjected to 541 SDS-PAGE, followed by Western blot with PAP (Sigma-Aldrich) (1:2,000) as described 542
above. 543 544
Cycloheximide chase assay 545
The degradation rate of Pop3 and Bet4 was measured as previously described [7] . Briefly, the 546 log-phase culture corresponding to 1 OD600 unit of cells was harvested for time point 0 and 547 afterwards CHX was added to a final concentration of 200 µg/mL. Cells were harvested after 548 1, 2, 4, and 6.5 h, followed by total protein extraction in 1× NuPAGE LDS Sample Buffer. 549
The supernatant corresponding to 0.5 OD600 units was subjected to Western blot analysis us-550
ing PAP as described above. The remaining protein level at each time point was calculated 551 against that at time point 0. 552
